
TECHNICAL MEMORANDUM 
X-717 

OPTIMIZATION OF NUCLEAR-ROCKET POWERPLANT PARAMETERS 

By Paul G. Johnson, Glenn R. Cowgill;- 
and James  W.’Miser 

Lewis  Research CenteELASSiFtCATlQP4 CHANGI 
Cleveland, Ohio T~ 0-y 

. -  - 
8y auttioriiy cfy.gG. HA 

Date 1-3-73 

CLASSIFIED DOCUMENT - TRLE UNCLASSIFIED 

This material contains information affectlng the national defense of the United States within the meaning 
of the espionage laws, Title 18, U.S.C., Secs. 793 and 794, the transmission or revelation of which in any 
...*....^_I^ -- L .  
1.4-111L.1 LV u ~ ~ ~ u ~ ~ v ~ i i i - d  WILWII is yroinbired by iaw. 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

WASHINGTON February 1963 



This document re leased t o  Category C-91, Nuclear Reactors f o r  
Rocket Propulsion. (M-3679 (27th Ed.), November 15, 1962. 

I 

I 

i *  , 

I .  

1 -  - 



lVATIONAL AEROI'7AUTICS AM) SPACE ADMIMI-ION 

TECHMICAL MEMOFMDUM X-717 

OFTIMIZATION OF NUCLEAR-ROCKEL' POWERPLAWP PARAMEIFERS" 

By Paul G. Johnson, Glenn R. Cowgill, and James W. Miser 

SUMMARY 

A method of nuclear-rocket powerplant optimization i s  presented and 
i l l u s t r a t e d  with an example corresponding t o  t h e  i n i t i a l  phase of a man- 
manned Mars exploration mission. The ana lys i s  i s  intended t o  determine 
t h e  values of reac tor  flow area, reactor-exi t  pressure, and r eac to r  lengkh 
that produce maximum re s idua l  load. (Residual load i s  defined as t h e  
payload plus  a l l  items not included i n  t h e  powerplant, vehic le  s t ructure ,  
propellant,  and tankage. ) Assumptions and equations a r e  presented i n  
d e t a i l .  The example ana lys i s  shows that, f o r  t h e  appl ica t ion  of an 
advanced nuclear-rocket powerplant t o  a 1,000,000-pound Mars vehicle, 
t h e  attainment of high spec i f i c  impulse has a strong e f f ec t  on t h e  
choice of powerplant parameters. Optimum pressure i s  shown t o  be r e l a -  
t i v e l y  low and optimum reac tor  dimensions are r e l a t i v e l y  large, which 
r e su l t ed  i n  low reactor-power density and high powerplant spec i f i c  
weight. Furthermore, t h e  optimization is  in sens i t i ve  t o  changes i n  
powerplant parameters, so  t h a t  l a rge  off -optimum deviat ions result i n  
r e s idua l  load reductions of only a few percent. 

IRIRODUCT ION 

The se l ec t  ion of design-point values of powerplant parameters f o r  
any type of propulsion system involves a complex in t e rp l ay  of mission, 
vehicle ,  and powerplant charac te r i s t ics .  The optimum compromise among 
a l l  t h e  operat ive f a c t o r s  i s  seldom, if  ever, a t ta ined .  Early s tud ies  
t h a t  i nd ica t e  t h e  important t rends  and approximately optimum values, 
however, a r e  v i t a l  t o  t h e  success of a system development program. The 
ana lys i s  i s  usua l ly  straightforward i n  p r inc ip l e  but complex because of 
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t h e  many system components and t h e i r  mutual interdependence. The ana- 
l y s t  ' s  g rea t e s t  problem i s  t h e  pred ic t ion  of component performance and 
weight a t  a da t e  p r i o r  t o  hardware testing. 

Nuclear rockets  may be advantageously appl ied t o  seve ra l  types of 
mission. The optimum combination of powerplant parameters w i l l  be d i f -  
f erent  f o r  each appl icat ion.  Nuclear-rocket powerplant s f o r  spacecraf t  
t h a t  start from a low-al t i tude o rb i t  about t h e  Earth are s tudied herein.  
Similar analyses could be undertaken f o r  surface-launch or  suborb i t a l  
upper-stage appl ica t ions  of nuclear rockets .  

The p r i n c i p a l  components of t h e  nuclear-rocket system are propel lant  
and tank, r eac to r  assembly, nozzle, p rope l lan t  feed  system, nuclear  
shield,  and vehic le  s t ruc tu re .  The sum of a l l  o ther  components, such as 
payload, veh ic l e  controls ,  and navigation equipment, i s  termed r e s idua l  
load. 

The r e a c t o r  assumed f o r  t h i s  study i s  moderated and r e f l e c t e d  by 
water, which i s  c i r cu la t ed  through t h e  core and the  r e f l e c t o r  where it 
i s  cooled by a water-hydrogen heat exchanger. The r eac to r  assembly in-  
cludes t h e  core, r e f l ec to r ,  p ressure  she l l ,  r eac to r  cont ro l  system, heat 
exchanger, and water pump and l i nes .  The hydrogen propel lant  flows from 
t h e  tank  through t h e  booster  pump, main pump, nozzle walls, r e f l ec to r ,  
water heat exchanger, reac tor  core, and nozzle. A s m a l l  por t ion  of t h e  
hot hydrogen i s  bled from t h e  exit  of t h e  reactor ,  mixed with cold hydro- 
gen leaving t h e  nozzle wall, and then  exhausted through t h e  t u r b i n e  which 
dr ives  t h e  hydrogen and water pumps. 

The p r inc ipa l  parameters t h a t  may be va r i ed  by t h e  powerplant de- 
s igner  a r e  reac tor  flow area, reac tor -ex i t  pressure,  and rea.ctor length.  
These parameters a r e  subject  t o  optimization, which i s  complicated by 
t h e  i n t r i c a t e  coupling of t h e  var ious powerplant components and by t h e  
requirement t h a t  payload be t h e  measure of m e r i t .  Cer ta in  o ther  quan- 
t i t i e s  have physical  l i m i t s  determined by materials, proper t ies ,  or 
geometry. Examples of such l i m i t s  a r e  maximum fuel-element temperature, 
maximum reactor-exi t  dynamic pressure o r  Mach number, and minimum fue l -  
element hydraulic diameter. Use of t h e  l imi t ing  values  of t h e s e  quan- 
t i t i e s  w i l l  usua l ly  result  i n  t h e  highest  a t t a i n a b l e  veh ic l e  performance. 
The values  of t h rus t ,  spec i f i c  impulse, and powerplant weight ca lcu la ted  
f o r  each combination of parameters are used t o  determine veh ic l e  per for -  
mance f o r  each spec i f ied  mission and s t age  weight. Optimum values  of 
flow area, pressure,  and r eac to r  length  can then  be determined on t h e  
basis of maximum res idua l  load. 

This report  p resents  t h e  optimization method and shows t y p i c a l  re- 
s u l t  s f or  one powerplant type. Previous attempt s t o optimize powerplant 
parameters f o r  orb i ta l - launch  nuclear rocke ts  have been of a more pre-  
l iminary nature  (refs.  1 and 2 ) .  Component s tud ies ,  such as those  made 
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i n  conjunction with t h e  ove ra l l  vehic le  inves t iga t ion  summarized i n  
reference 3, have provided da ta  f o r  a more comprehensive so lu t ion  of t h e  
problem her e in .  

ANALYSIS 

Met hod 

I 
I 
I 

i 4  

The bas ic  method of powerplant optimization i s  a s t ra ightforward 
ca lcu la t ion  of vehic le  performance for each combination of independent 
va r i ab le s  and opt imizat ion parameters. Optimization i s  achieved through 
a comparison of values of res idua l  load, which i s  defined as t h e  payload 
p lus  a l l  items not included i n  t h e  powerplant, vehic le  s t ruc ture ,  pro- 
pe l lan t ,  and tankage. Two aspects  of t h e  method, which w i l l  be given 
spec ia l  consideration herein, a r e  (1) t h e  assumed c h a r a c t e r i s t i c s  of t h e  
seve ra l  powerplant and vehic le  components, and ( 2 )  t h e  method of multi-  
parameter optimization. 

Each powerplant type may require  individual ized treatment because 
t h e  physical  limits of one may d i f f e r  from those  of another t h a t  i s  of 
cont ras t ing  composition or design. For example, t h e  reac tor  core ana- 
lyzed herein i s  character ized by t h e  use of thin,  me ta l l i c  f u e l  elements. 
Dynamic loadings of such f u e l  elements a r e  expected t o  e s t a b l i s h  t h e  
m a x i m u m  f e a s i b l e  gas flow per un i t  area a t  a spec i f ied  pressure leve l .  
For a more r i g i d  fuel-element configuration, t h e  l i m i t  might be gas 
ve loc i ty ,  pressure drop, or thermal s t r e s s .  The ana lys i s  described i n  

a physical  l i m i t .  
t h e  following sec t ion  uses t h e  dynamic pressure (pV 2 /2g = rpM2/2) as 

(Symbols are defined i n  t h e  appendix.) 

Two other  quan t i t i e s  a r e  f ixed  at  t h e i r  estimated l imi t ing  values 
on t h e  assumption that m a x i m u m  vehicle  performance w i l l  r e s u l t  therefrom. 
Maximum fuel-element temperature i s  se t  by t h e  proper t ies  of t h e  materi- 
als, t h e  f ab r i ca t  ion techniques, and t h e  required operating l i fe .  Mini- 
mum fuel-element spacing i s  determined by s t r u c t u r a l  arrangement and 
allowable tolerances.  In  t h e  absence of experimental t e s t s  or design 
s tud ie s  of fuel-element configurations, l imi t ing  values  have been assumed 
f o r  bo th  of t hese  parameters and were based on genera l  considerations of 
phys ica l  p roper t ies  and appl icable  design prac t ice .  In  a more de t a i l ed  
s tudy of a p a r t i c u l a r  reac tor  design, t h e  i n t e r r e l a t i o n  of fuel-element 
temperature, fuel-element spacing, reactor-exi t  dynamic pressure,  and 
var ious p r a c t i c a l  design considerations should be  evaluated. 

The parameters t h a t  may be optimized a r e  (1) reac tor  flow area, 
( 2 )  reac tor -ex i t  hydrogen pressure,  and (3) reac tor  length.  
va r i ab le s  a r e  of d i r e c t  s ignif icance t o  t h e  powerplant designer, 
whereas such commonly quoted parameters as th rus t ,  reac tor  power, and 
s p e c i f i c  impulse a r e  derived quant i t ies .  The optimization w i l l  be 
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affected by nuclear-stage gross weight and t h e  ve loc i ty  requirements of 
t h e  mission. For t h e  ana lys i s  reported herein, however, only one value 
of gross weight and one mission ve loc i ty  requirement are investigated.  

Powerplant Component Charac te r i s t ics  

The nuclear-rocket model f o r  t h e  ana lys i s  i s  shown schematically i n  
f i g u r e  1. The reac tor  concept i s  character ized by t h e  use of water as 
t h e  moderator. Liquid hydrogen flows from the  low-pressure tank  t o  a 
turbopump, which cons is t s  of a booster pump, a main pump, and a bleed- 
dr iven turbine.  The high-pressure propel lant  from the pump cools t h e  
nozzle and the  l i q u i d  moderator (by means of a water-to-hydrogen heat 
exchanger i n  t h e  r e f l e c t o r  region) before making i t s  f inal-heat ing pass 
through t h e  reac tor  core and being expelled through t h e  nozzle. I n  a 
water -moderat ed react  or t h e  moderat or  makes t he  c i r c u i t  shown by t h e  
dashed l ines .  
makes two core passes during which it i s  heated i n t e r n a l l y  by nuclear 
radiat ions and ex terna l ly  by forced convection removal of r e j ec t  heat 
from t h e  fuel-element regions, (3) transfers the  heat t o  t h e  hydrogen 
i n  t h e  heat exchanger, and (4) re turns  t o  t he  pump. 
flow t o  dr ive  t h e  turb ine  i s  v isua l ized  as a mixture of hot and cold 
propellant gases mixed i n  a manifold near the r eac to r  ex i t .  Turbine 
exhaust is ava i lab le  f o r  vehic le  a t t i t u d e  control .  Reactor cont ro ls  and 
powerplant controls  are a l s o  included i n  the  weight of the powerplant. 
The components are described more f u l l y  i n  t h e  following sect ions.  

Cold water (1) enters  t he  core from t h e  water pump, (2 )  

The hydrogen bleed 

Reactor. - The reac tor  cha rac t e r i s t i c s  t h a t  d i r e c t l y  influence the  
optimization of powerplant parameters are: 

Reactor-exit hydrogen temperature Te as a funct ion of maximum 

Pe, Te, 

fuel-element temperature Tf e, max and a flow-geometry parameter 

(GRdfe) / ( h / d f e ) ,  which is, i n  turn,  a funct ion of 0.2 

$3 Qe and dfe  

Reactor-passage pressure r a t i o  pi/pe as a funct ion of reac tor -  
ex i t  Mach number Me and t h e  flow-geometry parameter 

(GRdfe )  2/ ( $/dfe ) 

Reactor weight WR and diameter DR as funct ions of r eac to r  
void a rea  4 and reac tor  length  $ 

Exit temperature and pressure r a t i o  are determined from a heat-  
t r a n s f e r  and pressure-drop ana lys i s  that  accounts f o r  multipassage 
effects ,  thermal rad ia t ion  between f u e l  elements, d i s soc ia t ion  and other  
property changes i n  t h e  hydrogen, and axial and r a d i a l  power d i s t r ibu -  
t ions .  The computation procedure i s  described i n  reference 4 along w i t h  

c 

. 



5 

a co r re l a t ion  of t y p i c a l  r e s u l t s .  
evaluated by c r i t i c a l i t y  ca lcu la t ions  similar t o  those  described i n  
reference 5. 

Reactor weights and diameters are 

The reac tor  type se lec ted  f o r  optimization i s  a w a t  er-moderat ed, 

The c r i t i c a l i t y  ca lcu la t ions  are 
tungsten-fuel-element concept. The tungsten is  assumed t o  be enriched 
i n  t h e  isotope tungsten 184 (Wls4). 
based on t h e  following assumptions: 

Homogeneous bare  core composition, . . . . . . . . . . water, tungsten, 
uranium dioxide 

Effec t ive  mul t ip l ica t ion  f a c t  or, kef . . . . . . . . . . . . . . 1.05 
Volume r a t i o  of uo2 t o  ( U O ~  + W )  . . . . . . . . . . . . . . . 0.15 
Weight of tungsten per un i t  void volume, Ww)G$, lb/cu f t  . . . . 400 
Enrichment of tungsten with tungsten 184, percent . . . . . . . . . 78 
Enrichment of uranium with uranium 235, percent . . . . . . . . . . 93 

Tungsten weight per un i t  void volume i s  spec i f ied  instead of per un i t  
void c ross -sec t iona l  a rea  ( r e f .  5 )  because dfe  r a t h e r  than $/dfe 
i s  f ixed.  The f u r t h e r  assumption i s  made t h a t  homogeneous bare  core 
weights and diameters adequately approximate t h e  r e s u l t s  of more complex 
analyses of heterogeneous s ide-ref  l ec t  ed reac t  o m .  React or flow area i s  
obtained from void a rea  by assuming that h / A f f  i s  1.425. 

Reactor diameter and weight a re  presented as funct ions of void cross- 
s ec t iona l  a rea  and reac tor  length  i n  f i g u r e  2. 
shown t o  have only a s m a l l  e f f ec t  on diameter. 
i n  bas ic  agreement with t h e  core dimensions of t h e  RPRE-1, a s imi la r  
water-moderated reac tor  described i n  reference 6. 

Changes i n  length are 
The diameter values a r e  

For preliminary optimization purposes, account need be taken of 
only t h e  ove ra l l  weight and diameter cha rac t e r i s t i c s ,  flow passage con- 
f igura t ion ,  estimated power d is t r ibu t ions ,  and l i m i t  ing values of dynamic 
pressure and maximum fuel-element temperature. 
ments a r e  assumed t o  be f l a t  p l a t e s  stacked i n  mult iple  arrays.  
power generation i n  t h e  f u e l  p la tes  i s  assumed uniform except f o r  t h e  
outer  p la tes ,  each of which generates 10 percent more power than any one 
of t h e  inner p l a t e s .  The a x i a l  power d i s t r i b u t i o n  is a cosine curve 
t h a t  goes t o  zero a t  e i t h e r  end of t h e  reac tor  core, and t h e  r a d i a l  d i s -  
t r i b u t i o n  i s  uniform from one he l -e lement  assembly t o  another. 
values  of fue l -p l a t e  spacing sfe, reac tor -ex i t  dynamic pressure qe, 
and maximum fuel-element temperature a r e  assumed t o  be  0.06 
inch, 20 pounds per  square inch absolute, and 5460' R, respect ively.  

The tungsten f u e l  e le-  
The 

Limiting 

Tfe, max 

Reactor-inlet  temperature has only a s m a l l  influence on ove ra l l  
Consequently, core  heat - t ransf  e r  and pressure-drop cha rac t e r i s t i c s .  
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f o r  t h e  reac tor  heat - t ransfer  calculat ion,  a simple approximation i s  
used: 

Y 
where T N , ~  i s  t h e  nozzle-coolant i n l e t  temperature (50' R ) ,  and t h e  P 

I+ 
4 a second and t h i r d  terms specify t h e  hydrogen temperature r i se  across  t h e  

nozzle and heat exchanger, respectively; ATN, ref i s  t h e  nozzle coolant 
temperature r i s e  for a reference ca lcu la t ion  (from ref .  3) at a tempera- 
t u r e  difference between hot gas and coolant a t  t h e  nozzle throa t ,  

and &X/&R 
from t h e  moderator t o  t h e  propel lant  i n  t h e  heat exchanger (0.06535). 
Nozzle coolant temperature a t  t h e  th roa t  i s  assumed t o  equal 
TN, i + 0.5 LQ", and ATN, ref /e* ref i s  evaluated t o  equal 0.017 from a 
ca lcu la t ion  reported i n  reference 3. A l l  hydrogen physical  p roper t ies  
are obtained from references 7 and 8. 

@;,? 
i s  t h e  f r a c t i o n  of t o t a l  r eac to r  power t h a t  i s  t r ans fe r r ed  

The cor re la t ions  of reac tor -ex i t  temperature and core-pressure drop 
t h a t  r e su l t  from use  of t h e  ca lcu la t ion  procedure of reference 4 are 
shown i n  f igu re  3. In  f i g u r e  3(a),  t h e  d i f f e rence  between Tfe,max and 

T, 
(GRdfe)Os2/(%/dfe) and t h e  maximum fuel-element temperature Tfe,max. 
Pressure does not en te r  t h i s  cor re la t ion .  
pressure-drop parameter 4R/p&Ie 
flow-geometry parameter and reac tor -ex i t  Mach number Me. The pressure- 
drop curves a r e  s o  near ly  independent of 
has been ignored. The curves i n  f i g u r e  3 are not s e n s i t i v e  t o  a n t i c i -  
pated deviat ions i n  i n l e t  temperature, p l a t e  emissivi ty ,  or power dis-  
t r i b u t i o n  between p la tes .  

i s  p lo t ted  as a funct ion of a flow-geometry parameter 

Also i n  f i g u r e  3(b) ,  a 
2 i s  p l o t t e d  as a funct ion of t h e  same 

Tfe,max that t h i s  va r i ab le  

Pressure she l l .  - The r eac to r  i s  enclosed i n  a pressure s h e l l  con- 
The th ickness  s i s t i n g  of a cy l ind r i ca l  sec t ion  and a dome-shaped head. 

of t h e  cy l ind r i ca l  s h e l l  i s  determined by hoop stress 

D ~ P ~ ,  i 
bPS = 20 

PS 

The dome head i s  assumed t o  weigh 50 percent more than  a d i sk  of d i -  
ameter DR and thickness  bpS. The weight of t h e  bas i c  cyl inder  and 
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dome is  increased by 20 percent t o  account f o r  f i t t i n g s  and o ther  s t ruc-  
tural  features. Thus, 

A value of ( U / P ) ~ ~  
foot  i s  used, based on t i t an ium propert ies  at moderator temperature. 
Maximum design stress i s  about 50 percent of u l t imate  t e n s i l e  stress. 

of 32,400 pounds per square foot  per  pound per  cubic 

Reactor con t ro l  system. - The weight of t h e  r eac to r  cont ro l  system, 
which cons is t s  of rods or drums, actuators,  and assoc ia ted  sensing and 
decision-making equipment, i s  assumed t o  be proport ional  t o  r eac to r  
volume above a minimum weight of 100 pounds; t h a t  is, 

WRC = 20(; .;.> 
o r  

whichever i s  g rea t e r .  The constant of p ropor t iona l i ty  i s  evaluated by 
assuming t h a t  t h e  con t ro l  rods occupy 2 percent of t h e  r eac to r  volume 
and have an average dens i ty  of 500 pounds per  cubic foot .  The cont ro l  
rods a r e  assumed t o  account for one-half t h e  r eac to r  con t ro l  system 
weight. 

Moderator cooling and c i r cu la t ion  components. - Two s p e c i a l  power- 
p l an t  components must be considered when t h e  r eac to r  moderator i s  a 
l iqu id .  A pump i s  provided t o  c i r cu la t e  t h e  moderator out of t h e  core, 
and a heat exchanger i s  provided t o  cool t h e  moderator. In  t h e  water- 
moderated r eac to r  concept, t h e  water i s  assumed t o  be  cooled by t h e  
hydrogen leaving t h e  nozzle cooling passages. The water pump i s  t o  be 
dr iven  by a hot-gas-bleed turbine,  which may be  separa te  or t h e  same 
u n i t  t h a t  d r ives  t h e  hydrogen turbopump i f  s a t i s f a c t o r y  con t ro l  and 
speed matching can be achieved. 

The weight of t h e  water pump and assoc ia ted  piping i s  assumed t o  be 
proport ional  t o  t h e  water-flow rate .  The constant of propor t iona l i ty  is  
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evaluated on t h e  b a s i s  of typ ica l ,  advanced-design l i qu id  pumps and 
estimated pipe lengths:  

wwp = 0.5 wm 

For low-flow systems a minimum weight i s  es tab l i shed  at 40 pounds. 

(5 )  

The heat exchanger could be optimized by means of parametric 
s tud ies  of d i f f e ren t  heat- t ransfer-surface configurations.  Such a com- 
plet'e treatment i s  beyond t h e  scope of a powerplant optimization study 
and not l i k e l y  t a  improve t h e  ove ra l l  r e s u l t s  s i g n i f i c a n t l y  over what 
can be achieved ,with a s implif ied approach. Consequently, t h e  assump- 
t i o n s  a re  made t h a t  t h e  water-to-hydrogen heat exchanger i s  of t h e  
counterflow tube-and-shell type (with hydrogen ins ide  t h e  tubes)  and has 
t h e  following f i n e  geometry: 

Tube inside diameter, in. . . . . . . . . . . . . . . . . . .  0.1435 
Tube outside diameter, in .  . . . . . . . . . . . . . . . . .  0.1875 
Tube arrangement . . . . . . . . . . . . . . . .  E q u i l a t e r a l t r i a n g l e  
Tube center l ine  spacing, i n .  . . . . . . . . . . . . . . . . .  0.225 

Hydrogen t o t a l  temperatures and pressures  a t  exchanger i n l e t  and 
e x i t  a r e  assumed equal t o  t h e  corresponding values at nozzle cooling- 
passage ex i t  and reac tor  i n l e t ,  respect ively.  The number of tubes i s  
determined by assigning a value of 0.2 t o  t h e  e x i t  hydrogen Mach number 
Mx, e i n  t h e  equation 

Because the  heat-exchanger and reac tor  s t r u c t u r e  i s  aluminum, maximum 
moderator temperature i s  f ixed  at 660' R. Minimum water temperature i s  
var ied  so  as t o  y i e ld  a minimum tube temperature of 550' R. 
temperature l imi t a t ions  prevent i c e  format ion i n  t h e  heat exchanger and 
ensure core s t r u c t u r e  temperatures compatible with aluminum. 

These two 

The loca l  convective hea t - t ransfer  coe f f i c i en t  on e i t h e r  surface is  
computed by using t h e  film-temperature co r re l a t ion  with appropriate  sub- 
st  i t u t  ions: 

Nuf = 0.021 PrOf*4 



I( . 

Tube length $ i s  determined by step-by-step calculat ions of t e m -  
pera ture  and pressure along t h e  tube length and an i t e r a t i v e  procedure 
t o  s a t i s f y  all t h e  prescribed temperature and flow-rate conditions. 
Water-flow r a t e  i s  determined when the value of minimum moderator t e m -  
pera ture  i s  reached t h a t  s a t i s f i e s  t h e  no-icing requirement. The t o t a l  
heat r a t e  is  specif ied t o  be 7 percent of reac tor  core power (6.535 per- 
cent of t o t a l  reac tor  power). Nuclear rad ia t ion  heating of t h e  water i n  

I t h e  heat exchanger i s  neglected. 

Heat-exchanger weight i s  t h e  sum of tube and water weights i n -  
creased by 20 percent t o  account f o r  she l l ,  headers, and other  s t ruc-  
t u r a l  items: 

9 

where t h e  subscript  f means t h a t  the hydrogen proper t ies  (including 
dens i ty)  a r e  et.aluated a t  t h e  film temperature 

tf = 0.5(tb + tw) ( 8 )  
I '  

The pressure change i n  e i t h e r  f l u i d  i s  calculated by means of t h e  r e l a -  
t i o n  

G2 AL G2 Ap = - (k - $) - 4f - - 
g 2gP 

( 9 )  

where G i s  t h e  mass velocity;  d i s  t h e  hydraulic diameter; pl, p2, 
and p a r e  t h e  i n i t i a l ,  f i na l ,  and average dens i t ies ,  respectively,  
(evaluated a t  f i lm temperature) i n  the  length in t e rva l  AL; and t h e  
f r i c t i o n  f ac to r  f i s  evaluated by t h e  turbulent-flow equation 

0.046 f = -  
Re:' 

where tube densi ty  pt 
water dens i ty  va r i e s  with temperature. 

i s  assumed t o  be 174 pounds per  cubic foot and 

Nozzle. - A complete ana lys i s  of a regenerat ively cooled exhaust 
nozzle would include (1) contour determination, ( 2 )  length optimization, 
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(3) cooling-passage design with considerat  ion of thermal r ad ia t ion  and 
o ther  l o c a l  conditions, and (4)  inves t iga t ion  of multichannel and 
pressure-drop ef fec ts ,  which l i m i t  t h e  coolant ve loc i ty .  Nozzle weight 
and a t t a i n a b l e  s p e c i f i c  impulse would inf luence t h e  length optimization. 
Such a complex treatment i s  beyond t h e  scope of t h i s  powerplant optimi- 
za t  ion. 

A l e s s  rigorous approach i s  adopted herein.  The assumption i s  made 
t h a t  a comparison of t h e  l o c a l  heat f l u x  and t h e  ra te  of pressure  drop 
at t h e  nozzle t h r o a t  can be used t o  re la te  any nozzle t o  a reference 
design. Thus t h e  normalized temperature and pressure  v a r i a t i o n s  along 
t h e  nozzle length are f ixed  f o r  t h e  e n t i r e  family of nozzles i n  accord- 
ance with t h e  r e s u l t s  of a more extensive design study ( r e f .  3). M a x i -  
mum nozzle wall temperatures w i l l  be l imi ted  by t h e  proper t ies  of t h e  
materials used. Although a thin-wal l  nozzle of t ubu la r  construct ion 
would involve t h e  least extension of t h e  chemical-rocket state of t h e  
art,  preliminary ca lcu la t ions  ind ica te  t h a t  such a nozzle could not be  
regenerat i ve ly  cooled for t h e  gas temperatures assumed herein.  
w a l l  temperature fa r  exceeding t h e  l i m i t s  of s tee l s  o r  nickel-base 
a l loys  would be encountered. Consequently, an insulated-wall  construc- 
t i o n  i s  postulated,  i n  which molybdgnum i s  used f o r  t h e  gas-side surface.  
Gas-side throa t -wal l  temperature i s  f ixed  at 3500' R and coolant-  
s ide  throat-wal l  temperature Tw, i s  f ixed  at 1860' R. 
r a t i o  of w a l l  thermal conduct ivi ty  t o  w a l l  th ickness  &/bw is  va r i ab le  
but within t h e  range achievable with a t h i n  region of stagnant hydrogen. 

A t h r o a t -  

* Tw,g 
The required 

Different cor re la t ions  of hea t - t r ans fe r  coe f f i c i en t  a r e  employed on 
t h e  two s ides  of t h e  nozzle w a l l .  The equation used f o r  gas-s ide con- 
vect ion i s  

0.8 0.33 
prf 

Nu = 0.027 Ref  f 

where t h e  subscr ipt  f means t h a t  t h e  hydrogen p rope r t i e s  ( including 
dens i ty)  a r e  evaluated a t  f i lm  temperature 

On t h e  coolant side t h e  co r re l a t ion  used f o r  an t i c ipa t ed  t h r o a t  pres-  
sures  and temperatures ( r e f .  9 )  i s  t h a t  used i n  t h e  heat exchanger: 

Nu f = 0.021 Re:.'  PI-:'^ ( 7 )  
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where t h e  film temperature i s  

The r a t i o  of w a l l  thermal conductivity t o  w a l l  th ickness  i s  a funct ion 
of heat flux; therefore ,  

The t h r o a t  heat f l u x  is  computed from t h e  gas-side hea t - t ransfer  co- 
e f f i c i e n t  h i  evaluated i n  equation ( 1 2 ) :  

where t h e  ad iaba t ic  wall temperature 

* 
Also, Tg 
and thermal r ad ia t ion  from t h e  reac tor  i s  considered negl ig ib le  a t  t h e  
th roa t .  

i s  assumed t o  equal t h e  reactor-exi t  t o t a l  temperature T,, 

* 
I n  order  t o  evaluate he (eq. ( 7 ) ) ,  assumptions must be made re- * * 

garding coolant-side t o t a l  temperature T, and t o t a l  p ressure  Pc at 
t h e  nozzle th roa t .  
d e t a i l  f o r  reference 3, t h e  assumptions a r e  t h a t  

In  accordance with t h e  nozzles designed i n  some 

and 

* P = 1.15 P 
C N, e 

Another s impl i f ica t ion  introduced a t  t h i s  point i s  t h e  assumption t h a t  
nozzle-cooling computations are not s ens i t i ve  t o  t h e  s m a l l  d i f fe rences  
i n  hydrogen-weight-flow ra te  caused by ex t rac t ion  of t u rb ine  bleed be- 
tween t h e  coolant and gas-side passes. Thus, i d e n t i c a l  weight-flow 
r a t e s  are used i n  equations ( 1 2 )  and ( 7 ) .  
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Coolant v e l o c i t y  i s  a funct ion of flow area as w e l l  as flow r a t e  
Flow area and passage hydraulic diameter are determined 

The th roa t  
and densi ty .  
by assuming t h e  nozzle t o  be composed of square channels. 
diameter D* i s  solved f o r  i n  t h e  equation: 

ll * 2  W - D  = 

* 
When blockage due t o  * * * 

and Rg are evaluated a t  tg and pg. 
yg where 

channel walls i s  neglected, t h e  coolant-s ide hydraulic diameter a t  t h e  
th roa t  i s  

W * *  
* 

dc = - 
J ~ D  Gc 

* 
where G c  i s  t h e  coolant mass v e l o c i t y  a t  t h e  th roa t .  The corresponding 
coolant ve loc i ty  (o r  Mach number 
t h e  heat f l ux  balance 

M:) i s  t h a t  value t h a t  w i l l  s a t i s f y  

The channel walls a r e  assumed t o  a c t  as f in s ,  thereby causing 
t o  exceed uni ty .  The f i n  e f fec t iveness  i s  computed from 

Sc/Sg 

where the  assumed value of kFbF i s  2.22x10-6 Btu per  second per  9. 

Thus, 

sc - = 1 + 2TF 
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Simultaneous so lu t ion  of t h e  mass ve loc i ty  equation 

and of equations ( 7 )  and ( 2 1 )  to (24) i s  required.  
such t h a t  M, 
r epor t .  The corresponding a x i a l  pressure gradient  on t h e  coolant s ide  
i s  computed from t h e  equation 

The assumptions are * does not exceed 0 .4  f o r  t h e  cases i l l u s t r a t e d  i n  t h i s  

* * * 
4 pC (2) = - f.1.[$ (3.) f 4 4  

where t h e  f r i c t i o n  f a c t o r  f i s  assumed t o  be 0.004 and t h e  a x i a l  t e m -  
pe ra tu re  gradient  

(2) 
* * *  

flD qg 
* 
P, c wc 

After completion of t h e  th roa t  calculat ions,  o v e r a l l  nozzle tempera- 
t u r e  r i s e  and pressure drop may be  estimated by means of comparisons t o  
t h e  reference nozzle. The temperature r i s e  ~ T N  i s  assumed t o  be  pro- 
po r t iona l  t o  t h e  t o t a l  hea t - t ransfer  r a t e :  

2 
++ 

aTN = - (28) 

where nozzle surface area is  proport ional  t o  t h e  square of t h roa t  diam- 
e t e r .  From reference 3, ( qgD * *2 /AT w) i s  evaluated at 0.214 Btu per  N ref 
pound per  9. 
t i o n s  reported i n  reference 3: 

The pressure-drop approximation i s  a l s o  based on calcula-  

* 
L1p N =@) 
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* 
where aPN i s  i n  pounds per  square inch when (dPc/dx) i s  i n  pounds 
per  square inch per  foot .  

Nozzle weight i s  estimated by r e l a t i n g  t h e  computed o r  measured 
weights of similar nozzles t o  a s impl i f ied  a n a l y t i c a l  model. 
accounting i s  made f o r  t h e  va r i a t ion  i n  The convergent sec t ion  
i s  t r ea t ed  as a 45'-half-angle, r i gh t - c i r cu la r  cone with i t s  base diam- 
eter equal t o  0 .9  DR 
maximum diameter: 

No e x p l i c i t  

Q/bw. 

and i t s  thickness  determined by hoop s t r e s s  at  t h e  

The weight i s  increased 40 percent over t h a t  of t h e  cone t o  account f o r  
t h e  channel construct ion and other  s t r u c t u r a l  necess i t i e s .  A r a t i o  of 
stress t o  dens i ty  ( ~ / p ) ~ ~ ,  

( ( lb / sq  f 't)/(lb/cu f t ) )  i s  used (Inconel X ) .  
f o r  t h e  nozzle s t r u c t u r a l  material of 13,600 

The divergent-section weight i s  based on a t y p i c a l  contour. An 
equation with empir ical ly  evaluated coe f f i c i en t s  has been der ived as a 
r e s u l t  of unpublished NASA design and f a b r i c a t i o n  experience. The re- 
sul t  i s  included as t h e  second term of t h e  o v e r a l l  nozzle-weight equa- 
t ion: 

wN = 4 . 2 ~ 1 0 - ~  D ~ P ,  + 6900 e- 667 

(31) 

where Pe i s  i n  pounds pe r  square foot .  The f i r s t  t e r m  i s  t h e  
convergent-section weight and incorporates  t h e  assumptions described 
previously. Although t h e  der iva t ion  i s  merely approximate, t h e  equation 
s a t i s f a c t o r i l y  evaluates  t h e  nozzle weight reported i n  reference 3 and 
other  similar designs.  The equation i s  based on a nozzle with an  area 
r a t i o  of 50. 

Specif ic  impulse hac i s  evaluated from reac tor -ex i t  temperature 
and pressure i n  accordance with reference 7, wi th  t h e  assumptions of an 
area r a t i o  of 50, expansion t o  vacuum, a v e l o c i t y  cor rec t ion  f a c t o r  of 
0.96, and equilibrium conditions i n  t h e  expanding gas.  The spec i f i c  
impulse data a r e  reproduced i n  a convenient form i n  f i g u r e  4. 

Propellant feed system. - The propel lan t  feed system i s  assumed t o  
be composed Of (1) a turbopump with hot-bleed-driven turb ine ,  
s tar t  system, and (3) a l l  r e l a t e d  s t r u c t u r e  and piping.  The bleed cyc le  
i s  chosen hecause it appears t o  be "a se r ious  contender f o r  t h e  ,job" and 
may be analyzed i n  a straightforward manner. Details of t h e  handling of 

( 2 )  a 
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leed flow a r e  not analyzed, but the turb ine- in le t  temperature i s  
spec i f ied  t o  be 1860° R; and, i n - t h e  ca lcu la t ion  of piping weight, t h e  
assumption i s  made t h a t  t h e  bleed flow or ig ina tes  near t h e  reac tor  af t  
face.  Turbine exhaust i s  assiuned t o  be used f o r  roll cont ro l  and, 
possibly, vec tor  control.  No' t h rus t  contribu$ion i s  a t t r i b u t e d  t o  t h e  
turb ine  exhaust. 

The l i q u i d  hydrogen en ters  t h e  turbopump from t h e  tank i n  an essen- 
A combination of reactor- tank separat ion d i s -  t i a l l y  boi l ing  condition. 

tance, sh ie ld  thickness,  and tank pressure is  assumed such t h a t  t h e  net 
pos i t i ve  suct ion head (NPSH) i s  zero. 
vapor separator  serves t o  pump t h e  boi l ing l i q u i d  t o  a NPSH of 650 f e e t  
(20 lb/sq in .  ) at t h e  main pump i n l e t .  
on t h e  assumption t h a t  t h e  loca l  cooling t h a t  accompanies cavi ta t ion  
produces an e f f ec t ive  NPSH i n t h e  inducer of 50 f e e t .  This e f f e c t  i s  
ca l l ed  t h e  thermodynamic suppression head (TSH). 
t h e  propellant t o  i t s  maximum pressure, t h e  value of which i s  subject t o  
opt i m i  z a t  i on. 

A boost pump with inducer and 

The boost pump design i s  based 

The main pump r a i s e s  

The bleed flow is  considered t o  be a mixture of hot gas from t h e  
r eac to r  ex i t  and cold gas from nozzle-cooling-passage ex i t .  The ind i -  
v idua l  weight flows are balanced t o  give a mixture temperature of 
1860' R. The t o t a l  bleed flow r a t e  i s  assumed t o  be proport ional  t o  
pump flow rate and discharge pressure: 

w ~ ~ p ~ ~ ,  e 
wp = 6,200,000 

This equation i s  based on a turb ine  pressure r a t i o  of 10 and on turb ine  
and pump e f f i c i enc ie s  of 80 percent.  These se lec t ions  are e s s e n t i a l l y  
a r b i t r a r y  i n  t h a t  no spec i f i c  turbopumps were designed f o r  t h i s  study. 

The predominant influence of the  propel lant  feed system on t h e  
o v e r a l l  propulsion system i s  i t s  weight. The turbopump i s  t h e  heaviest  
component of t h e  feed system. Its weight i s  approximated by t h e  sum of 
t h r e e  terms, representing boost pump, main pump plus  turbine,  and gears, 
r esp e e t  i ve ly  : 

ir 
(NPSH + TSH)"' (NF'SH + 32.6  LIP,^)"^ 

All pressures  a r e  i n  pounds per  square inch absolute,  and NPSH and TSH 
- a r e  i n  f e e t .  The coef f ic ien t  and the exponent of wTp i n  t h e  f i r s t  
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term are based on t h e  boost pump designs reported i n  appendix C of r e f -  
erence 3. The form of t h e  va r i a t ion  with respect t o  boost pump pressure 
r i se  APBp and e f f ec t ive  NPSH i s  consis tent  with reference 10. The 
second term, which gives t h e  sum of main pump and tu rb ine  weights, i s  
s i m i l a r  i n  form t o  t h e  boost pump r e l a t i o n  except t h a t  (1) t h e  corre- 
l a t i o n  from reference 3 does not i nd ica t e  an exponent of 
than  unity, and ( 2 )  t h e  combined weight i s  bes t  approximated by two 
terms, one porport i ona l  t o  wTpPTp, e and t h e  other  t o  wTp. The r e l a -  
t i v e  magnitude of t h e  two p a r t s  i s  not ind ica t ive  of t h e  breakdown be- 
tween pump and turbine.  
from reference 3. If t h e  assumed values  of APBp, NPSH, and TSH are 
used, turbopump weight becomes 

wTP g rea t e r  

The t h i r d  term i s  a co r re l a t ion  of gear weights 

Turbopump casing and s t ruc tu re  weight i s  included i n  
use of t h i s  equation, i t s  empir ical  nature  must be borne i n  mind. E s t i -  
mates of turbopump weight seem t o  vary  by f a c t o r s  of two o r  t h r e e  from 
one study t o  another, and only t h e  development of f l ight-weight  hardware 
w i l l  e s t ab l i sh  a d e f i n i t i v e  weight equation. Furthermore, t h e  magnitude 
of t h e  thermal suppression head must be experimentally es tabl ished.  

WTp. I n  making 

The piping and s tar t -system weights a r e  represented by t h e  two terms 
i n  t h e  equation 

WSP = 0.001 WTIPTP, e + 0.12 WTP (351 

where PTp,e i s  i n  pounds per  square inch absolute .  The propel lant  
piping i s  assumed t o  be made of t i t an ium with t h e  th ickness  determined 
by hoop stress. Nominal lengths  and v e l o c i t i e s  are assigned. Similarly,  
t h e  start system weight i s  approximate s ince  it i s  l a r g e l y  a weight of 
monopropellant. 

Powerplant cont ro l  system. - The flow controls ,  which coordinate 
propellant flow r a t e  wi th  r eac to r  power and maintain t h e  des i red  pres-  
sures  and temperatures, cons is t  p r imar i ly  of valves,  va lve  actuators ,  
a flowmeter, temperature sensors, and e l ec t ron ic  cont ro ls .  The assump- 
t i o n  i s  made t h a t  t h e  weight of t h e  powerplant con t ro l  system can be 
represented by t h e  equation 

wpc = 0.11  w P 0*25 t- 30 
TP TP, e ( 3 6 )  

I 

- 1  
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where PTp,e i s  i n  pounds per square inch absolute.  The f ixed  weight 
i s  a nominal value f o r  a minimum system weight. 

Vehicle Component Charac te r i s t ics  

I n  addi t ion  t o  t h e  powerplant and t h e  r e s i d u a l  load, t h e  nuclear 
s tage  cons i s t s  of propellant,  tanks, nuclear sh ie ld ,  and vehic le  s t ruc -  
t u re .  The propellant weight i s  t h e  dominant quant i ty  and i s  r e l a t e d  t o  
powerplant c h a r a c t e r i s t i c s  through the  s p e c i f i c  impulse and t h e  t h r u s t -  
to-weight r a t i o ,  Tank and s t ruc tu re  weights a r e  genera l ly  expressed as 
functions of propellant or s tage  weight. 

Propellant requirements. - The hydrogen propellant weight f o r  a 
spec i f ied  mission and a spec i f ied  i n i t i a l  weight i n  o r b i t  i s  a function 
of e f f e c t i v e  s p e c i f i c  impulse Ief and i n i t i a l  t h r u s t  -t o-weight rat i o  
F/WG. 
I,,, 
t h r u s t  i s  concerned. I n  order t o  compute t h e  e f f e c t i v e  spec i f i c  i m -  
pulse, t h e  following equation i s  used: 

Ef fec t ive  spec i f i c  impulse i s  less than  t h a t  of t h e  nozzle flow 
because of t h e  bleed flow, which i s  regarded as a l o s s  as far as 

During powered f l i g h t ,  t h r u s t  i s  assumed t o  be  constant, continuous, and 
d i r ec t ed  tangent t o  t h e  ve loc i ty  vector. Spec i f ic  impulse i s  a l s o  
assumed constant. 

Computation of propellant consumption during powered f l i g h t  i s  ac- 
complished by numerical in tegra t ion  of t h e  equations of motion. The 
p a r t i c u l a r  forms of t h e  equations used i n  t h e  ana lys i s  are as presented 
i n  re ference  11. A Runge-Kutta numerical i n t eg ra t ion  procedure is used 
t o  obta in  solutions.  The Earth i s  represented by an inverse-square cen- 
t r a l  fo rce  f i e l d .  The radius of t he  Earth i s  taken t o  be 3959 miles and 
i t s  f o r c e  constant i s  assumed t o  be 95,640 miles 3 per second 2 . 

Tank. - A s impl i f ied  approach t o  t h e  estimation of tank weight i s  
used i n  t h e  optimization study. The tank  weight i s  assumed t o  be pro- 
po r t iona l  t o  t h e  weight of propellant i n  t h e  tank: 

- 

( 3 8 )  P, T WT = 0.08 W 

This weight includes insu la t ion  and thermal-radiation sh ie lds .  The con- 
s t a n t  of propor t iona l i ty  i s  adopted from reference 12 .  The compromise 
among t ank  pressure, turbopump weight, reactor-tank separation distance,  
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and shield weight i s  not attempted i n  t h e  ana lys i s  reported herein.  
addi t ion t o  adding a l a rge  complication t o  t h e  ca lcu la t ion  procedure, 
such an ana lys i s  requires  knowledge of propel lant  mixing while being 
heated i n  t h e  tank. This i s  an a rea  of some disagreement and requires  
research i n  zero g rav i ty  with i n t e r n a l  heat generation. 

I n  

An allowance f o r  venting and pressur iza t ion  gas (boi lof f  hydrogen) 
i s  provided by specifying t h a t  t h e  propel lant  i n  t h e  t h e  tank  i s  percent 
g rea t e r  than t h e  amount fed  t o  t h e  powerplant; as a r e s u l t ,  

Wp,T 1.025 Wp (39) 

I 
where Wp i s  t h e  propel lant  weight computed i n  t h e  t r a j e c t o r y  analysis .  

Nuclear shield.  - Without computing t h e  optimum compromise among 
sh ie ld  weight, separat ion distance,  t ank  pressure,  and turbopump weight, 
t h e  shield weight i s  a r a t h e r  a r b i t r a r y  quant i ty .  
ac to r  diameter i s  e a s i l y  visual ized,  but  i t s  magnitude i s  more d i f f i c u l t  
t o  es tab l i sh .  The base point used fo r  t h e  study i s  150 pounds f o r  a 
400-megawatt reactor ,  which i s  3.3 f e e t  i n  diameter ( r e f .  3). This 
sh i e ld  weight represents  t h e  amount required t o  l i m i t  propel lant  heating. 
Biological shielding and spec i f i c  mission demands would necess i t a t e  addi- 
t i o n a l  shielding considerations t h a t  a r e  beyond t h e  scope of t h e  power- 
plant  optimization described herein.  Thus, 

I ts  r e l a t i o n  t o  r e -  

2 
WNs = 14 DR 

Use of t h i s  equation implies t h a t  a l l  propel lant  tanks  subtend t h e  same 
s o l i d  angle from t h e  r ad ia t ion  source and t h a t  t h e  e f f e c t  of observed 
differences i n  reac tor  power i s  unimportant t o  t h e  optimization. 

Vehicle s t ruc ture .  - The s t r u c t u r e  t h a t  connects t h e  payload, tank, 
and powerplant i s  not subjected t o  high loads during nuclear-powered 
f l i g h t .  All appreciable loads, both a x i a l  and t ransverse,  a r e  encoun- 
t e r e d  during boost.  The nuclear-stage s t r u c t u r e  i s  not s t r e s sed  for 
boost loads, but t h e  in t e r s t age  s t ruc tu re  between t h e  nuclear vehic le  
and t h e  booster i s  assumed t o  ca r ry  these  loads during boost and then  
t o  be je t t isoned.  Since launch operations have not been considered 
i n  t h i s  study, ne i ther  i n t e r s t age  weights nor numbers of launch vehi- 
c l e s  have been estimated. 

The nuclear vehic le  s t ruc ture ,  which supports t h e  payload and t h e  
powerplant from t h e  pressure-s tab i l ized  tank, i s  r e l a t i v e l y  l ightweight.  
On t h e  basis  of references 3 and 1 2  and o ther  s imi l a r  s tudies ,  t h e  

- 1  
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assumption that vehicle  s t ruc tu re  weighs 4 percent of t h e  nuclear-stage 
weight appears reasonable, especial ly  f o r  small stages:  

Opt i m i  zat ion 

The object ive of t h e  analysis  i s  t o  maximize t h e  r e s idua l  load 
f o r  t h e  specif ied combination of gross weight, mission, and l i m i t  WRL 

var iab les  (Tfe,max, qe, and sfe).  
ables  (Pe, Aff, and 
r e fe r r ed  t o  a s  optimum values of these  parameters. 
of more importance than t h e  computed magnitudes of res idua l  load; i n  
many cases, t h e  s e n s i t i v i t y  of t h e  optimization t o  changes i n  these  
parameters i s  more s igni f icant  than the  exact optimum values.  Therefore, 
a graphical  presentat ion of t h e  r e su l t s  i s  of su f f i c i en t  accuracy and 
provides a ready v isua l iza t ion  of t he  important t rends.  

The values of t h e  optimization va r i -  
$) corresponding t o  maximum res idua l  load a r e  

The parameters a r e  

For preliminary calculations,  wherein t h e  number of combinations 
of parameter values i s  r e l a t i v e l y  small, a straightforward optimization 
procedure i s  acceptable. A value of res idua l  load i s  calculated f o r  
each set of parameter values; t h e  equations and techniques specif ied 
herein a r e  used. The r e s u l t s  a r e  combined on a p lo t  of WRL as  a func- 
t i o n  of one of t h e  optimization parameters (e.g., Pe) with curves f o r  
each combination of t h e  other t w o  parameters (p'ff and k). An envelope 
curve can then be drawn enclosing a l l  t h e  curves. The highest point on 
t h e  envelope curve i s  t h e  optimum point. Optimum values of t h e  param- 
e t e r s  can be read d i r e c t l y  or can be estimated from t h e  poin ts  of t a n -  
gency between t h e  envelope curve and t h e  famil ies  of curves lying within. 

A more complete study of t h i s  type might involve t o o  many combina- 
t i o n s  of parameter values f o r  economical appl ica t ion  of t h e  s t r a igh t -  
forward method. Techni,ques are avai lable  i n  t h e  f i e l d  of modern mathe- 
matics, such as t h e  method of steepest  ascent, which can handle complex 
multiparameter optimization problems. 

RESUUS AND DISCUSSION 

Scope of Analysis 

The r e s u l t s  reported herein were obtained by using t h e  following 
parameter ranges or values: 

Dynamic pressure, qe, lb/sq in .  
Maximum fuel-element temperature, Tfe,max, OR 

. . . . . . . ,. . . . . . . . . . . 20 
. . . . . . . . . . 5460 
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Fuel-element spacing, sfe, in. . . . . . . . . . . . . . . . . . .  0.06 

Mission hyperbolic velocity,  vh, miles/sec . . . . . . . . . . . .  3.5 
Reactor flow area, Aff, sq f t  . . . . . . . . . . . . . . . . . . .  2-7 
Reactor-exit pressure, Pe, lb/sq in. abs . . . . . . . . . . .  200-1000 
Reactor length, h, ft . . . . . . . . . . . . . . . . . . . . . .  3-4 

Nuclear-stage gross weight, WG, l b  . . . . . . . . . . . . .  1,000,000 

The last t h r e e  quant i t ies ,  t h e  optimization parameters, a r e  var ied over 
la rge  ranges i n  an attempt t o  include t h e  optimum points  and t o  show any 
s e n s i t i v i t y  of res idua l  load t o  off-optimum conditions. The l i s t e d  
fuel-element temperature and spacing a r e  representa t ive  of an t ic ipa ted  
p rac t i ca l  limits. The temperature of 5460' R i s  approximately 80 per- 
cent of t h e  m e l t i n g  temperature of tungsten and, therefore ,  a reasonable 
operating l i m i t .  The spacing of 0.06 inch i s  believed t o  be acceptable 
i f  care  is taken t o  maintain s m a l l  to le rances  on fuel-element dimensions 
and minimize r e l a t i v e  movement. The nuc leaps t age  gross weight i n  o r b i t  
i s  representat ive of manned in te rp lane tary  spacecraft  (ref. 1 2 ) ,  and t h e  
ve loc i ty  requirement (vh = 3.5 miles/sec) corresponds t o  t h e  f irst  pro- 
pulsion phase of a f a s t  round t r i p  (e.g., a 420-day Mars round t r i p  at 
t h e  1980 opportunity).  The equivalent ve loc i ty  increment, from o r b i t a l  
s t a r t ,  i s  about 2.85 m i l e s  per second. 

Presentat ion of Results 

The mode of optimization and t h e  presentat  ion of r e s u l t s  a r e  i l l u s -  
t r a t e d  i n  f i gu res  5 and 6. In  f igu re  5 r e s idua l  load i s  p lo t t ed  as a 
funct ion of reac tor  flow area  with severa l  curves corresponding t o  speci-  
f i e d  values of reactor-exi t  pressure.  The e n t i r e  family of curves i n  
f igu re  5 i s  f o r  specif ied values of dynamic pressure (20 lb/sq in .  ), 
m a x i m u m  fuel-element temperature (5460' R ) ,  fuel-element spacing 
(0.06 in.  ), nuclear-stage gross weight (1,000,000 l b ) ,  and hyperbolic 
ve loc i ty  (3.5 miles/sec).  Figures 5(a) ,  (b), and ( e )  a r e  f o r  reac tor  
lengths of 3, 3.5, and 4 f ee t ,  respect ively.  The dashed l i n e  represents  
an envelope curve, t h e  upper bound of each constant-length family of 
curves. Each envelope is  t h e  locus of maximum-residual-load poin ts  over 
t h e  chosen range of flow area, and t h e  highest  point on t h e  envelope i s  
t h e  t r u e  optimum point f o r  t h e  spec i f ied  combination of h, ge, Tfe,max, 
sfe, WG, and vh. 
combined i n  f igu re  5 (d )  t o  ind ica te  t h e  ove ra l l  optimum. 

The envelope curves from f igu res  5 ( a )  t o  ( e )  a r e  

- - 

Figure 6 presents  t h e  same data as i n  f i g u r e  5 p lo t t ed  i n  d i f f e ren t  
form. 
sure  with l i n e s  of constant reac tor  flow area.  Figures 6 ( a )  t o  ( e )  
present t he  r e s u l t s  f o r  t h e  t h r e e  r eac to r  lengths  selected,  and f i g -  
ure  6(d)  summarizes t h e  r e su l t i ng  envelope curves (i .e. ,  t h e  dashed 

In f igu re  6 res idua l  load i s  p l o t t e d  against  r eac to r -ex i t  pres-  
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l i n e s  i n  f igures  6 ( a )  t o  ( e ) ) .  
t i v e  pos i t ions  of t h e  various curves w i l l  be discussed later i n  t h e  r e -  

The s ignif icance of t h e  shapes and r e l a -  

por t .  

It should be noted t h a t  t h e  envelope curves p lo t t ed  as a funct ion 
of Aff and Pe a r e  r e l a t ed  only a t  t h e  m a x i m u m  res idua l  load point .  
Values of 
n i t e  number of parametric combinations. Thus, envelope curves such as 
those i n  f igu re  5(d)  show t h e  maximum r e s idua l  load, which may be ob- 
t a ined  with a spec i f ied  reac tor  flow area.  I n  f igu re  6(d) t h e  maximum 
a t t a inab le  values of WRL f o r  specified pressures a r e  shown, but t h e  
flow areas  required are not i l l u s t r a t e d  f o r  off-optimum conditions.  
Thus t h e  envelope curves a r e  presented only t o  reveal  t h e  s e n s i t i v i t y  
of ove ra l l  performance t o  changes i n  t h e  optimization parameters, and 
complete data  representat ions such as f igu res  5 and 6 must be consulted 
f o r  more de ta i led  information. 

WRL less than t h e  maximum values can be a t t a ined  by an i n f i -  

I n  f igures  7 and 8, t h e  values of r e s idua l  load a r e  p lo t t ed  against  
reac tor -ex i t  temperature and i n i t i a l  t h r u s t  -weight r a t  io,  respect ively.  
Since Te i s  independent of Aff, t he  poin ts  p lo t t ed  i n  f i g u r e  7 are 
t h e  maximum values of W R L  for each spec i f ied  reac tor -ex i t  pressure, 
as read from f i g u r e  6. Figure 8 i s  presented i n  th ree  par ts ,  one f o r  
each value of 
maximum W R L  points  . h, and estimated envelope curves a r e  drawn i n  near t h e  

The r e s u l t s  of t h e  optimization, presented i n  f igures  5 t o  8, show 
t h e  in tegra ted  e f f ec t  of many factors .  A study of t h i s  type  i s  ch ie f ly  
use fu l  t o  reveal  major t rends and re la t ions .  Consequently, de t a i l ed  
descr ip t ion  of t h e  vehicles  and powerplants i s  not attempted. Rather, 
t h e  r e s u l t s  a r e  discussed qua l i ta t ive ly .  Because of t h e  many assumptions 
involved, quant i ta t ive  r e s u l t s  should not be given great  a t t e n t  ion. For 
example, t h e  values of res idua l  load shown i n  t h e  f igures  a r e  su i t ab le  
only for r e l a t i v e  comparison; a design study would be required t o  evalu- 
a t e  t h e  payloads re l iab ly .  Furthermore, a l l  t h e  r e s u l t s  presented herein 
a r e  f o r  spec i f i c  conditions (mis s ion ,  s tage  weight, mater ia ls  limits, 
and component cha rac t e r i s t i c s ) .  
l imi ted  appl icabi l i ty ,  whereas t h e  qua l i t a t ive  observations may be of 
more general  significance.  

Thus t h e  quant i ta t ive  r e s u l t s  have only 

Among t h e  more important r e su l t s  of t h e  study a r e  (1) t h e  general  
magnitudes of t h e  parameter values, which a r e  shown t o  b e  near optimum, 
and ( 2 )  t h e  shapes of t h e  various envelope curves. An understanding of 
t h e  compromises involved i n  t h e  evaluation of optimum conditions can 
a i d  i n  planning research programs. Similarly,  t h e  shapes of t h e  curves 
r evea l  t h e  degree of s e n s i t i v i t y  of ove ra l l  performance t o  changes i n  
t h e  individual  parameters. On t h i s  bas i s ,  ea r ly  research e f fo r t  can be 
concentrzted i n  t h e  most f r u i t f u l  areas. 
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Optimization of Flow Area, Pressure, and Reactor Length 

The da ta  presented i n  f igu res  5 t o  7 revea l  t h a t  t h e  attainment of 
high spec i f ic  impulse i s  a strong f a c t o r  i n  t h e  optimization of 
Pe, and h. Effect ive spec i f i c  impulse i s  a funct ion of reactor-exi t  
pressure and temperature and of bleed-flow r a t e .  The q u a l i t a t i v e  d i s -  
cussion t h a t  follows reviews t h e  p r inc ipa l  influences of each parameter 
i n  order t o  a r r i v e  at an understanding of t h e  in tegra ted  e f f e c t .  

Aff, 

A reduction i n  reactor-exi t  pressure influences Ieff i n  t h r e e  
ways: by (1) reducing t h e  m a s s  ve loc i ty  GR and, thereby, increasing 
reactor-exi t  temperature Te ( f ig .  3(a)) ;  ( 2 )  increasing t h e  
d issoc ia t  ion-recombination e f fec ts ,  which r a i s e s  hac a t  a spec i f ied  
temperature ( f i g .  4); and (3) reducing t h e  bleed-flow requirement 
(eq. ( 3 2 ) ) .  The r e su l t i ng  change i n  Te a f f e c t s  qac t o  about t h e  
same extent as does t h e  dissociation-recombination phenomenon. Since 
bleed flow i s  assumed t o  contr ibute  no thrust, t h e  bleed requirement 
has a s igni f icant  e f fec t  on 
two influences combined at t h e  higher pressures  considered. These t h r e e  
influences tend  t o  lower t h e  optimum pressure.  

Ieff, and amounts t o  as much as t h e  f i r s t  

A reduction i n  Pe must be accompanied by an increase i n  reac tor  
flow area i n  order t o  maintain t h e  thrust-weight r a t i o  near optimum and 
prevent excessive g rav i ty  loss .  The r e su l t i ng  r ise i n  powerplant weight 
tends t o  counterbalance t h e  forces  ac t ing  t o  reduce 
spect, the  increases  i n  reac tor  and pressure-she l l  weights are g rea t e r  
than t h e  reduct ions i n  propel lant  -feed- sys t  em weight. Thus, an optimum 
combination of Pe and Aff w i l l  correspond t o  t h e  point of balance 
between changes i n  propellant weight and powerplant weight. 

Pe. In  t h i s  re- 

An increase i n  reac tor  length inf luences t h e  ove ra l l  optimization 
i n  two ways: 
weight ( f ig .  2 ( b ) ) .  Coincident e f f e c t s  on pressure drops and other  
powerplant components weights a r e  secondary. Since t h e  r eac to r  length 
en ters  the  hea t - t ransfer  co r re l a t ion  t o  t h e  f i r s t  power i n  t h e  flow- 
geometry f ac to r  ( f i g .  3 (a) ) ,  % has a s t rong e f f e c t  on Te and, thus,  
on hac. The ef fec t  diminishes, however, as Te approaches Tfe,max 
and as fuel-element-passage length-diameter r a t i o  becomes large. A s  
i l l u s t r a t e d  i n  f igu re  7, equal increments i n  
minishing increments i n  Te. 

by increasing Te ( f i g .  3(a))  and by increasing reac tor  

$ produce r ap id ly  d i -  

The net resul t  of t hese  opposing t r e n d s  i s  shown i n  f igu res  5 
and 6. O p t i m u m  Aff ( f i g .  5 ( d ) )  i s  r e l a t i v e l y  large:  about 6 square 
f ee t .  Optimum Pe ( f ig .  6 ( d ) )  i s  r e l a t i v e l y  low: about 400 pounds 



per  square inch absolute.  
a reactor  length-diameter 
L/d of over 400. Figure 
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Optimum i s  ju s t  over 4 fee t ,  which gives 
rat i o  of about 0.8 and a fuel-element -passage 
7 shows tha t  t h e  optimum Te i s  s l i g h t l y  

g rea t e r  than 5230' R, only about 200' below Tfe,max. 

A l l  curves i n  f igu res  5 t o  7 a re  very f la t ,  i n  t h e  sense t h a t  i l l u s -  
t r a t e d  var ia t ions  i n  
res idua l  load. Consequently, t h e  optimum values of t h e  various param- 
e t e r s  a r e  not well  defined, and large deviat ions from t h e  optimum point 
could be to le ra ted .  For example, f igure  5 (d )  shows t h a t  Aff could be 
reduced from 6 t o  4 square f e e t  w i t h  l e s s  than 1 percent reduction i n  
WRL. The corresponding pressure ( f ig .  5 ( c ) )  would be about 600 instead 
of 400 pounds per  square inch absolute. 
could be reduced by a f a c t o r  of 2 ( t o  200 instead of 400 lb/sq in.  abs)  
with almost no lo s s  i n  provided t h a t  t h e  flow area ( f i g .  6 ( c ) )  
was about 7 . 5  square f e e t .  Figures 5(d)  and 6 (d)  a l s o  show t h a t  a re -  
duction i n  $ from 4 t o  3.5 f e e t  would penal ize  t h e  ove ra l l  perform- 
ance by l e s s  than 1 percent of maximum 

WRL a r e  small i n  r e l a t i o n  t o  t h e  magnitude of t h e  

Similarly, Pe ( f ig .  6 ( d ) )  

WRL 

WRL. 

Optimization of I n i t i a l  Thrust -Weight R a t  i o  

Previous s tud ies  (e.g., r e f s .  1, 2, and 1 2 )  have indicated t h a t  
optimum i n i t i a l  thrust-weight r a t i o  F/WG f o r  o r b i t a l  launch of nuclear 
rockets  i s  about 0 . 2  t o  0.4. The data presented i n  f igu re  8 subs t an t i a t e  
t h e  e a r l i e r  conclusions; maximum WRL f o r  a l l  Pe corresponds t o  F/WG 
s l i g h t l y  under 0.3. Reactor length does not appear t o  a f f ec t  t h e  opt i -  
mization s igni f icant ly .  Only t h e  highest port ions of t h e  envelope 
curves a r e  drawn i n  f igure  8 because t h e  high-thrust  cases required t o  
extend t h e  envelopes would have necessi ta ted values of 
ava i lab le  reac tor  data.  

Prf beyond t h e  

A t  a thrust-weight r a t i o  of 0.28, t h e  t h r u s t  i s  280,000 pounds and 
t h e  reac tor  power is  approximately 6600 megawatts. The corresponding 
reactor-power density,  computed by dividing t h e  t o t a l  power by t h e  t o t a l  
reac tor  volume, i s  about 80 megawatts per  cubic foot .  In t h e  core of a 
r e f l ec t ed  reactor ,  t h e  optimum power dens i ty  would be about 25 percent 
higher. 

The existence of an optimum power dens i ty  means t h a t  pushing t h e  
power densi ty  of a given reactor  design t o  t h e  l imi t  i s  undesirable.  
For a given core type and general  configuration, t h e  optimum flow area, 
pressure,  and length w i l l  general ly  r e s u l t  i n  a power densi ty  far below 
t h e  maximum a t t a inab le  value. This i s  equivalent t o  s t a t ing  t h a t  as 
long as spec i f i c  impulse i s  r e l a t ed  t o  pressure and reac tor  dimensions, 
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as i n  t h e  case analyzed herein, m a x i m u m  powerplant thrust-weight r a t i o  
(or minimum powerplant s p e c i f i c  weight) i s  not t h e  bes t  b a s i s  f o r  design 
s e l e c t  ion. 

Because of t h e  expanded WRL sca le ,  t h e  i l l u s t r a t e d  v a r i a t i o n s  
due t o  changes i n  F/WG a r e  very  s m a l l .  A l l  computed values of WRL 
f a l l  within a 10 percent spread. Thus, without s a c r i f i c i n g  more than 
3 or 4 percent of maximum res idua l  load, t h e  thrust-weight r a t i o  and 
t h e  reactor-power dens i ty  could be cut i n  ha l f .  This decrease i n  power 
dens i ty  would probably be accomplished by operating at values of reac tor -  
e x i t  pressure and dynamic pressure about one-half of t h e  optimum values 
(i. e., about 200 and 10 lb /sq  in. ,  respec t ive ly) .  The estimated penal ty  
of 3 o r  4 percent i s  based on unpublished ca l cu la t ions  s ince  only one 
value of qe was used i n  t h e  study reported herein.  

Effect of Assumptions 

Since t h e  optimization of powerplant parameters i s  c h i e f l y  t h e  
achievement of a balance between opposing t r ends  i n  propel lan t  and 
powerplant weights, any assumpt ions t h a t  a f f e c t  t hese  weights s ign i f  i- 
can t ly  w i l l  a f f e c t  t h e  r e s u l t s  of t h e  optimization. 
assumption t h a t  t u rb ine  exhaust cont r ibu tes  no propulsive t h r u s t  magni- 
f i e s  t h e  penalty i n  s p e c i f i c  impulse due t o  bleed f l o w .  A more compre- 
hensive ana lys i s  should involve t h e  determination of bleed-flow spe- 
c i f i c  impulse and of t h e  f r a c t i o n  of con t ro l - j e t  t h r u s t ,  t h a t  cont r ib-  
u t e s  t o  vehicle propulsion. Another such assumption i s  t h a t  of equi- 
l ibrium expansion i n  t h e  nozzle; t h i s  assumption favors  low pressures 
because of t h e  increase i n  hac r e s u l t i n g  from recombination. If t h e  
nozzle gas s t a t e  were somewhere between equilibrium and frozen, optimum 
pressure  would be somewhat higher than  t h e  values ind ica ted  herein.  

For example, t h e  

Among t h e  various components of t h e  powerplant, only two a r e  of 
s u f f i c i e n t  magnitude t o  have much e f f ec t  on t h e  o v e r a l l  optimization. 
Reactor weight i s  one component; t h e  se l ec t ion  of a water-moderated 
r eac to r  produces a lower optimum reac to r  power than  would have been 
obtained f o r  a system employing a r eac to r  of more nea r ly  constant weight. 
Optimum flow area  i s  a l s o  higher because of t h i s  moderator choice. 
o ther  prominent component weight i s  (o r  could be )  t h a t  of t h e  nuclear 
sh ie ld .  In t h i s  study, a r e l a t i v e l y  lightweight sh ie ld ,  which i s  in -  
tended only t o  prevent excessive bo i lo f f  i n  t h e  propel lan t  t ank  i s  in-  
cluded. Should t h e  reference sh ie ld  weight be considerably higher, i n  
order t o  provide b io log ica l  sh ie ld ing  o r  t o  pro tec t  a more c lose ly  
coupled tank, t h e  optimization would be more s e n s i t i v e  t o  changes i n  
flow area.  A s  a r e s u l t ,  optimum Aff would be lower and optimum Pe 
would be higher. 

The 
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Specified values of gross weight and hyperbolic ve loc i ty  will in-  
f luence t h e  optimization t o  t h e  extent tha t  they  a f f e c t  t h e  r e l a t i v e  
magnitudes of propellant and powerplant weights. A s  vehic le  weight i s  
increased, t h e  powerplant becomes smaller i n  proportion t o  t h e  propel- 
l an t  weight, and res idua l  load w i l l  be l e s s  s ens i t i ve  t o  changes i n  
powerplant parameters. On t h e  other hand, as hyperbolic ve loc i ty  in-  
creases, t h e  propellant will cons t i tu te  an increasingly g rea t e r  par t  of 
t h e  t o t a l  vehicle  weight. A s  a resu l t ,  those f ac to r s  t h a t  influence 
Ieff and F/WG w i l l  become more s ignif icant  as t h e  mission becomes 
more d i f f i c u l t  . 

The assumed value of minimum fuel-element spacing has a strong 
e f f ec t  on t h e  optimization of reac tor  length. Optimum fuel-element 
length-diamet e r  rat i o  tends t o  remain r e l a t i v e l y  f ixed  f o r  a pa r t i cu la r  
type of system. Consequently, optimum w i l l  tend t o  vary d i r e c t l y  
with sfe. Other l i m i t  var iables ,  such as dynamic pressure and fue l -  
element temperature, will probably have only a small influence on t h e  
ove ra l l  optimization. The assumed value of qe w i l l  en te r  i n to  t h e  
r e l a t i o n  between Pe and GR and, thereby, a f f ec t  t h e  fuel-element 
heat t r ans fe r .  The increase i n  optimum Pe corresponding t o  reduction 
i n  qe from 20 t o  10 pounds per square inch, however, i s  not expected 
t o  be more than 20 percent. 

CONCLUDING REMARKS 

The twofold purpose of t h i s  report i s  t o  (1) present a method of 
powerplant parameter optimization, and ( 2 )  i l l u s t r a t e  t h e  technique with 
a sample calculat ion.  Accordingly, t h e  assumptions and equations have 
been l i s t e d  i n  d e t a i l .  The example gives a q u a l i t a t i v e  insight  i n t o  t h e  
in te rac t ions  of t h e  various powerplant and vehicle  charac te r i s t ics .  A l -  
though t h e  calculat ions have been carr ied out f o r  a pa r t i cu la r  s e t  of 
assumptions and specif icat ions,  t h e  r e su l t i ng  t rends  and r e l a t ions  a r e  
i n s t r u c t i v e  i n  a more general  sense. 

The spec i f i c  r e s u l t s  apply t o  nuclear rockets t h a t  employ advanced 
reactors ,  t yp i f i ed  by t h e  water-moderated, tungsten 184 fuel-element 
concept used herein, and t h a t  have i n i t i a l  weights i n  o rb i t  of about 
1,000,000 pounds. This gross weight and t h e  spec i f ied  ve loc i ty  require- 
ment of t h e  mission a r e  typ ica l  of t h e  earth-escape port ion of a manned 
vehic le  f o r  Mars exploration. Thus t h e  s i t u a t i o n  t h a t  has been analyzed 
i s  t h e  appl ica t ion  of an advanced nuclear-rocket powerplant t o  a manned 
in te rp lane tary  mission s t a r t i n g  f rom Earth o rb i t .  

The r e s u l t s  show t h a t  t h e  attainment of high spec i f i c  impulse i s  a 
s t rong f a c t o r  i n  t h e  optimization of such powerplant parameters as 
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reactor  flow area, reactor-exi t  pressure, and reac tor  length. The i m -  
portance of achieving low reactor-exi t  pressure, high reac tor -ex i t  tem- 
perature, and low bleed flow r a t e  i s  shown t o  be grea t  enough t o  make 
optimum pressure only about 400 pounds per  square inch absolute.  The 
corresponding reac tor  flow area  is  approximately 6 square f ee t ,  which 
gives an optimum reac tor  power densi ty  of only about 80 megawatts per  
cubic foot .  Thus, t h e  attainment of high spec i f i c  impulse i s  of more 
importance than t h e  attainment of minimum powerplant spec i f i c  weight. 

Residual load i s  not very sens i t i ve  t o  changes i n  t h e  optimization 
parameters, espec ia l ly  at l a rge  values of vehic le  gross  weight. Conse- 
quently, l a rge  deviat ions from t h e  optimum values of reac tor  flow area, 
reactor-exi t  t o t a l  pressure, and reac tor  length correspond t o  losses  i n  
res idua l  load of only 1 or 2 percent.  I n i t i a l  thrust-weight r a t i o  can 
probably be reduced by a f a c t o r  of 2 from t h e  optimum value of about 0.3 
with a loss i n  res idua l  load of only 3 t o  4 percent of t h e  res idua l  
load. Reactor-power densi ty  can be reduced proport ionately i f  t h e  
t h r u s t  i s  lowered by making changes i n  dynamic pressure and reactor-  
e x i t  t o t a l  pressure r a the r  than i n  reac tor  dimensions. 

The optimization technique described herein can be used t o  evaluate 
many of t h e  complex in t e r r e l a t ions  among powerplant components. With 
s l i g h t  modifications it can be used t o  study other  types of nuclear- 
rocket powerplants. In t h i s  way t h e  areas  of most s e n s i t i v i t y  can be 
revealed ea r ly  i n  t h e  nuclear-rocket research and development process, 
and primary a t t en t ion  can be d i rec ted  toward those areas  where t h e  
l a rges t  gains a r e  possible .  

L e w i s  Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, August 1, 1962 
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APPENDIX - SYMBOLS 

cross-sect ional  a rea  

t h i  c kne s s 

spec i f ic  heat a t  constant pressure 

diameter 

hydraulic diameter 

t h r u s t  

Fanning f r i c t i o n  f a c t o r  

mass veloci ty ,  W/A 

weight-to-mass conversion factor ,  32.174 lb / s lug  

hea t - t ransfer  coef f ic ien t  

e f f ec t ive  spec i f i c  impulse 

spec i f i c  impulse i n  vacuum 

thermal conduct ivi ty  

e f f ec t ive  mul t ip l ica t ion  f ac t  or 

length 

Mach number 

number 

Nus s e l t  numb e r  

t o t a l  pressure 

Prandt 1 number 

s t a t i c  pressure 

power 

heat f lux 
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qe 

R 

Re 

S 

S 

T 

t 

v 

W 

W 

X 

Y 

17 

e 

P 

d 

dynamic pressure a t  reac tor  e x i t  

gas constant f o r  hydrogen 

Reynolds number 

surface area 

spacing 

t o t a l  temperature 

s t a t i c  temperature 

veloc it y 

weight 

weight flow rat e 

ax ia l  d i s tance  

rat i o  of spec i f i c  heats  

effect iveness  

temperature d i f fe rence  between hot and cold streams 

weight dens i ty  

design s t r e s s  

Sub s c r  ip t  s : 

a w  ad iaba t ic  wall 

BP booster pump 

b bulk 

C convergent sec t  ion 

C coolant s i d e  

e reactor  ex i t  

F f i n  

f f i lm 
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I 

f e  

f f  

G 

i 

i n  

m 

max 

N 

N, e 

N, i 

N S  

out 

P 

PC 

PS 

R 

RC 

RL 

r e f  

SP 

ST 

T 

f u e l  element 

f r e e  flow 

gross ( i n i t i a l )  

hat gas side 

hyperbolic 

reactor-core i n l e t  

inner, heat -exchanger tube  

moderat o r  

m a x i m u m  

nozzle 

nozzle coolant -side ex i t  

nozzle coolant-side i n l e t  

nuclear sh i e ld  

outer, heat -exchanger tube  

prop e l l a n t  

powerplant cont ro l  system 

pressure s h e l l  

reac tor  

r eac to r  con t ro l  system 

re s idua l  load 

reference design 

start system and piping 

vehic le  s t r u c t u r e  

tank 
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TP 

TP, e 

t 

v 

W 

wp 

W 

X 

x, e 

X, i 

P 

1 

2 

t urb opmp 

turbopump ex i t  

tubes 

void 

tungsten 

water pump 

wall 

heat exchanger 

heat -exchanger ex i t  

heat -exchanger i n l e t  

bleed 

cold end 

hot end 

Superscript : 

* nozzle th roa t  
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t 
Figure  1. - Schematic diagram of nuc lear  rocke t  showing p rope l l an t  

and moderator f l o w  c i r c u i t s .  - 1  
i 
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F i g u r e  2 .  - V a r i a t i o n  of r e a c t o r  d iameter  and weight wi th  v o i d  
a r e a  and r e a c t o r  l e n g t h .  
1.05; moderator,  water;  fue l -conta in ing  m a t e r i a l ,  tungs ten  184 
( 7 8  v@lume p e r c e n t ) ;  Volume r a t 1 0  cf uranium d i c x i d e  t o  uranium 
J i c x i d e  p l u s  tungs ten ,  0.15; weight of tungs ten  p e r  u n i t  of 
w i d  volume, 400 pounds per cubic  f o o t ;  uranium 235 enrichment,  
33 p e r c e n t .  

E f f e c t i v e  m u l t i p l i c a t i o n  f a c t o r ,  
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(b) Variation of reactor pressure-drop parameter wit.h f l o w -  
geometry parameter and reactor-cxjt Mach number. 

Figure 3.  - Reactor heat-transfer and pressure-drop 
characteristics. 
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Reactor flow area,  Aff ,  sq ft 

(a )  Effect of r eac to r -ex i t  t o t a l  pressure.  Reactor length, 3 f e e t .  

Figure 5. - Varia t ion  of r e s idua l  load wi th  r eac to r  flow area.  
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Reactor flow area, Aff, sq f't 

(b) Effect of reactor-exi t  t o t a l  pressure.  Reactor length, 3.5 f e e t .  

Figure 5. - Continued. Variation of r e s i d u z l  load with r eac to r  flow area.  
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Figure 5. - Concluded. xlari&ion of residual load w i t h  reactor  flow area. 
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400 
Reactor-exit  t o t a l  pressure, Pe, lb/sq in .  abs 

(a) Effect of reac tor  flow area.  Reactor length, 3 f e e t .  

Figure 6. - Variat ion of r e s idua l  load with reac tor -ex i t  
t o t a l  pressure.  
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Reactor-exit t o t a l  pressure, Pe, lb/sq in. abs 

(b )  Effect  of reactor  flow area.  Reactor length, 
3.5 f e e t .  

Figure 6. - Continued. Variation of r e s idua l  load 
with reactor-exi t  t o t a l  pressure.  
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Reactor-exit total pressure  P,, lb/sq in .  abs 

( c )  Effect of r eac to r  flow area. Reactor length, 4 f e e t .  

I 

Figure 6. - Continued. Variat ion of r e s idua l  load 
with reac tor -ex i t  t o t a l  pressure.  

- i  
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React o r  
length, 

0 1000 
Reactor-exit t o t a l  pressure, Pe, lb / sq  in .  abs 

(d)  Comparison ,of envelope curves. 

Figure 6. - Concluded. Variation of res idua l  load 
with reactor-exi t  t o t a l  pressure.  
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Figure 7. - Variation of residual load with reactor-exit t o t a l  temperature fo r  
various reactor lengths. 
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(a)  Reactor length, 3 feet .  

Figure 8. - Effect of reactor-exi t  t o t a l  pressure 
on var ia t ion  of res idua l  load with i n i t i a l  t h rus t -  
weight r a t i o .  
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(b )  Reactor length, 3.5 f e e t .  

Figure 8. - Continued. Effect of reac tor -ex i t  total 
pressure on va r i a t ion  of r e s idua l  load with i n i t i a l  
t h r u s t  -weight r a t  io.  - - _ -  
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i 

I n i t i a l  thrust-weight r a t i o ,  F/WG 

( c )  Reactor length, 4 f e e t .  

Figure 8. - Concluded. Effect of reac tor -ex i t  t o t a l  p ressure  
on va r i a t ion  of res idua l  load with i n i t i a l  thrust-weight 
rat  io.  
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